The expression of a glucose-regulated gene (grp78) changes significantly during the vegetative life cycle of Neurospora crassa: the amounts of grp78 mRNA are low in dormant conidia, increase during germination and exponential growth, decline in young aerial hyphae and reach a maximum in late (15-18 h) aerial hyphae. Heat shock (30 min at 45 "C) elevated the mRNA level of this gene especially in early aerial hyphae, whereas no increase above the high constitutive amount was found after heat treatment of late aerial hyphae. The expression of the inducible hsp70 gene after heat shock also varied with the state of development and showed the highest inducibility in late aerial hyphae. Surface mycelium, from which aerial hyphae emerge, showed a similar increase in the amounts of both mRNA species. A developmental mutant (acon-2), which is defective in minor constriction budding of aerial hyphae, showed lower levels of con-2 mRNA as well as of 9-78 and hsp70 mRNA (after heat shock) in late aerial hyphae. The acon-2 mutant did not form conidia at this stage. It is concluded that the high constitutive and inducible expression of stress genes in late aerial hyphae is due to a developmental activation of their transcription or, alternatively, to a lower degradation rate of their mRNA during this stage.
INTRODUCTION
Heat-shock proteins (hsp) and heat-shock-cognate proteins (hsc) have been implicated in protein folding, in protein transport from the cytoplasm into cellular compartments (chaperone functions) and in the acquisition of thermotolerance (Becker & Craig, 1994) . Glucose-regulated proteins (grp) are chaperone molecules located within the endoplasmic reticulum (ER). grp78 is a member of the heat shock 70 gene family, which is constitutively expressed, but also activated by starvation, treatment with glycosylation inhibitors (i.e. tunicamycin), calcium ionophores (Rose et al., 1989) , and, in some organisms including Neurospora, also by heat shock (G. Steier, unpublished results). While a great deal of information is available about the acAbbreviation: ER, endoplasmic reticulum.
tivation and expression of heat-shock genes under stress, i.e. unphysiological temperatures or the presence of toxic agents such as alcohols and heavy metal ions , little is known about the differential expression of hsp genes and even less about grp genes during the development of organisms (for reviews see Hightower & Nover, 1991 ; Heikkila, 1993) .
The heat-shock response of Neurospora crassa has been analysed in detail (Plesofsky-Vig & Brambl, 1985a, b; Zoeger et al., 1992; Fracella et al., 1993) . It is characterized by the rapid activation of hsp70, hsp80 and hsp98 genes and related members of these families (Kapoor & Lewis, 1986) as well as by the activation of hsp32 (Plesofsky-Vig & Brambl, 1995) and other hsp genes encoding low-molecular-mass hsps (Meyer et al., 1995) .
The constitutive expression of heat-shock genes in fungal development varies between vegetative mycelium and macroconidia. An increased synthesis of hsps was observed in sporulating cells of Blastocladiella emersonii at physiological temperatures (Bonato et al., 1987) . Heat-shock gene expression also varies during the life cycle of Saccharomyces cerevisiae : Hsp70 mRNA species, in particular, were shown to accumulate during sporulation (Kurtz et al., 1986) and during stationary phase (Werner-Washburne et al., 1989) .
In N. crassa, spore differentiation consists of several steps (Springer & Yanofsky, 1989) and includes the formation of aerial hyphae and vegetative spores (macroconidia). Six hours after the initiation of conidiation the nuclei migrate to the tip of the aerial hyphae (conidiophores) , which subsequently swell, bud and septate into macroconida (Matsuyama et al., 1974) . We focused on the question of whether chaperone and stress genes, particularly grp78 and the inducible hsp70, are differentially expressed or inducible during diff erentiation of aerial hyphae, macroconidia and during germination.
We analysed the major glucose-regulated gene (grp78) as a representative of mainly constitutive members of the hsp70 family which is involved in the processing of proteins within the ER and which was recently sequenced (GenBank accession number Y09011), and a hsp70 gene which apparently represents an inducible member of this family. We found high constitutive amounts of grp78 mRNA during exponential growth and even more during the late phase of conidiation, at which phase the strongest induction of hsp70 was also observed. (Sargent & Woodward, 1969) . In all other aspects it resembles the wildtype. The aconidiate-2 mutant (acon-2 strain RS91) was obtained from the same source. It shows a defect in the minor constriction budding (Sachs & Yanofsky, 1991) . Conidia were grown in Fernbach flasks containing solid Horowitz minimal medium (Horowitz, 1947) in constant light at 25 "C. Dry, dormant conidia were harvested by carefully tapping on the inverted flasks and collecting the spores on sterile filter paper. Germination was induced by the addition of 250 ml Vogel medium (Vogel, 1956 ) supplemented with 1 mM CaCl, and 2% (v/v) sucrose. Conidia were harvested 15-120 min after germination by filtration, using Whatman no. 1 filter paper. Vegetative mycelium was produced by adding 3 x lo9 conidia to 250 ml Vogel medium. The culture was grown on a rotary shaker at 50 r.p.m. and harvested by filtration. Aerial hyphae were harvested with a sterile razor blade from Petri dishes containing solid Horowitz medium. Early aerial hyphae were harvested about 4-6 h after, and late aerial hyphae about 15-18 h after, the beginning of aerial hyphae formation. Aerial-hyphae-forming mycelium could be isolated after aerial hyphae had been cut off simply by removing it with forceps from the agar surface. For stress treatment, samples were heatshocked in a water bath at 45 "C for 30 min and immediately frozen in liquid nitrogen. (w/v) agarose gels containing 3 '/o (v/v) formaldehyde before blotting onto Hybond-N+ (Amersham) according to the method described by Kroczek & Siebert (1990) . The membranes were probed with a 1.1 kb genomic restriction fragment (DraI insert) of the grp78 gene of N. crassa. The fragment was digoxigenin-labelled by random priming (Boehringer Mannheim). The resulting Northern blots showed less intense signals as compared to radioactive labelling but gave reliable and reproducible results. The hybridization signals were subjected to densitometric analysis using hardware and a videocamera from Intas. The density of the digitized picture of the Northern signals was determined by scanning the grey pixels (' Cream' program, 1993) . A signal of 2 pg mRNA from early aerial hyphae (at 25 "C) hybridized with the grp insert was set at 100% and all other signals related to this standard.
METHODS
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For detection of the inducible stress gene (hsp70) a 2.2 kb SalI fragment from the coding region of the Drosophila melanogaster hsp7O gene was taken as a probe (Karach et 
al., 1981).
As a control the amount of a housekeeping mRNA species (8-tubulin) of N. crassa was determined, using a 3.1 kb Hind111 fragment of this gene (Orbach et al., 1986). During most stages of development, except during germination, the amount of tubulin mRNA remained relatively constant and showed a maximal variation of 5% among the three independent determinations. After heat stress, tubulin mRNA decreased. Prehybridizations, hybridizations and washes were carried out as described in the Boehringer protocols for digoxigeninlabelled probes. The plasmid with the con-2 gene used to determine the con-2 mRNA content was a kind gift from Dr C. Yanofsky (Stanford University, Stanford, CA, USA).
RESULTS
Constitutive expression of the grp78 gene
To test whether grp78 is expressed differently during germination, the exponential growth phase, the stationary phase and the differentiation of aerial hyphae, samples were taken at various intervals during the whole vegetative life cycle. Poly(A)+ mRNA was hybridized with the 1.1 kb DraI insert. As illustrated in Fig. 1 , little grp78 mRNA was present in dormant conidia. After germination, increasing levels of this mRNA were observed with time, together with increasing levels of tubulin mRNA. A rapid increase in the level of grp78 mRNA occurred during the exponential phase, peaking between 24 h and 48 h of growth. The highest expression of grp78 was detected in aerial hyphae, with a maximum in late hyphae. During the later stages of development (exponential growth, aerial hyphae formation) the amount of /?-tubulin mRNA remained rather constant compared to the changes in grp78 mRNA. No consti- tutive expression of the inducible hsp70 gene was observed during any of the stages.
Stressinduced expression of grp78
The grp78 gene of Neurospora is inducible by heat (G. Steier, unpublished; Zoeger et al., 1992). Cellular levels of grp78 mRNA (after 30min heat shock at 45 "C) increased during germination and exponential growth as compared to dormant conidia (Fig. 2) . The highest level of induced grp78 mRNA was found in early and late aerial hyphae. In the latter stage, however, the induced and constitutive amounts were nearly equal. To compare this differential heat-shock response of grp78 with the response of the inducible heat-shock gene hsp70, we used an inducible Drosophila hsp70 gene as a probe, which hybridized only to mRNA extracted from heat-shocked mycelia. Again, particularly high amounts of the inducible hsp70 mRNA were observed in late aerial hyphae (Fig. 2) . Because of the heat-shock treatment the level of p-tubulin mRNA was lower but it remained rather constant during the different developmental stages, except for the values at 12 h and 24 h.
This may be due to experimental variation.
Constitutive and induced expression of stress genes during differentiation of conidia
The differentiation process of conidia lasts about 12-18 h and is accompanied by the expression of a set of specific genes, as described by Roberts & Yanofsky (1989) . To arrive at a more detailed picture of the expression of grp78 and hsp70 during differentiation, the mRNA content of aerial-hyphae-forming mycelia on the agar surface, as well as in early and late aerial Relative mRNA content is expressed as in Fig. 1 . dc, Dormant conidia; 0.2 t o 68, age of the cultures (h); ea, early aerials; la, late aerials.
hyphae, was examined. The aerial-hyphae-forming mycelium consists of hyphae attached to the surface of the substrate and to themselves; it was included because it is considered to represent a predifferentiated state (Hansberg et al., 1992). All stages were also exposed to a 30 min heat shock (45 "C). Fig. 3 (a) shows that the grp78 mRNA level was equally high in early aerial hyphae and surface mycelium. After heat shock, grp78 was induced above the constitutive level. The inducible hsp70 is equally expressed in early
T . HAFKER and O T H E R S
240c
2 4 0 1 i' clm cla 301m 301a Fig. 3 . Northern blot analysis of grp78, inducible hsp70 and tubulin gene expression in early and late aerial hyphae as well as in surface mycelium at the control temperature (25°C) and after a heat shock (45 "C). Ten micrograms of enriched poly(A)+ mRNA was hybridized with 200ng labelled DNA. (a) Early stages (6 h) of aerial development. Open columns, grp78; hatched columns; hsp70, 0, /I-tubulin. Densitometric evaluation of Northern blots (means of three independent experimentsf so). Relative mRNA content is expressed as in Fig.  1 . cem, Control from early aerial-hyphae-forming mycelium; cea, control from early hyphae; 30em, early aerial-hyphaeforming mycelium after 30 min heat shock; 30ea, early aerial hyphae after 30 min heat shock. (b) Late stages (18 h) of aerial development under the same conditions as in (a). clm, Control from late aerial-hyphae-forming mycelium; cla, control from late hyphae; 301m, late aerial-hyphae-forming mycelium after 30min heat shock; 301a, late aerial hyphae after 30min heat shock.
aerial hyphae and surface mycelium after a heat shock of 30 min.
In late aerial hyphae and late surface mycelium grp78 expression had already reached maximal levels under control (25 "C) conditions. No further increase of grp78 mRNA was observed after heat stress (Fig. 3b) . grp78 mRNA levels were only slightly higher in late aerial hyphae than in late-aerial-hyphae-forming mycelium. High induction of the inducible hsp7O gene(s) was also observed in surface mycelium and aerial hyphae after heat-shock treatment.
Stressgene expression in the developmental mutant acon-2
The developmental mutant acon-2 of N. crassa is defective in conidia formation at high temperatures (above 34 "C; see Perkins et al., 1982) . Probing experiments at 25 "C revealed that conidia formation of the acon-2 strain was reduced by about 75 % as compared to 6dA aerials of the same age. This difference may be explained by the considerable delay of conidiation in the acon-2 mutant at 25 "C (Fracella et al., 1997) . At 34 "C conidia formation is blocked in acon-2, but also inhibited considerably in 6dA.
The delay of conidiation in the mutant strain at 25 "C may be caused by a lower expression of the con-2 gene, which normally increases during differentiation of aerial hyphae as described by Sachs & Yanofsky (1991) . We analysed the con-2 mRNA content of aerial hyphae of the two strains at different temperatures. The tubulin mRNA content was again determined as an internal standard. The con-2 mRNA content in late aerial hyphae of the acon-2 strain was considerably lower than in the 6dA strain (Fig. 4) . In the acon-2 strain the con-2 mRNA content decreased even more at higher temperature, whereas the con-2 content in the 6dA strain showed no significant decrease after 30 min exposure to 45 "C.
To determine whether a lower con-2 mRNA content and a less advanced state of conidiation in the aerial hyphae of the mutant may affect the expression of the two heat-shock genes, the level of both mRNAs in both strains was determined. Fig. 4 shows that the amount of grp78 mRNA in late (15-18 h) aerial hyphae is much lower in the acon-2 than in the 6dA strain. The same applied to hsp70 mRNA levels after exposure to heatshock temperatures (37 "C, 40 "C; not shown), particularly after heat treatment at 45 "C (Fig. 4) .
DISCUSSION
On solid medium N. crassa forms a vegetative mycelium composed of diffusely branching hyphae under normal physiological conditions. These hyphae differentiate into aerial hyphae capable of developing macroconidia (Springer 8i Yanofsky, 1989) directed by a circadian clock and in response to environmental stress, such as nutrient deprivation, desiccation, oxygen (Nelson et al. , 1975) , heat stress (Rensing, 1993) or light exposure (Lauter & RUSSO, 1991) . When dormant conidia are activated by hydration in the presence of suitable nutrients, they germinate, again develop a mycelium and thus complete a new vegetative cycle.
The process of conidial differentiation is characterized by genetic switches, which trigger the induction of conidia-specific con genes (Sachs & Yanofsky, 1991) . Some of these genes are highly expressed after the formation of aerial hyphae and conidia (con-6, con-8, con-10, con-11) (Roberts et al., 1988) . White & Yanofsky (1993) postulated a negatively acting binding factor which binds to specific promoter elements found in con genes. This DNA-binding factor is present at high concentrations in exponentially growing mycelia of N. crassa, but not in extracts of conidiating cultures. This factor seems to act as a repressor of con gene transcription in growing mycelia.
The developmental activation of cognate stress genes above their normal basal expression observed in this study may involve a transcriptional control during aerial hyphae development as observed in the con genes. It is, however, unclear whether their promoter contains a corresponding regulatory element. Normal vegetative growth ensures the basal expression of grp78 genes at relatively high rates during exponential growth. Developmental activation during conidiation and heat shock both produce maximal mRNA amounts in late aerial hyphae. An activation by heat shock is probably due to a heat-shock element in the promoter of grp78, as described in yeast (Mori et al., 1992) .
The endoplasmic chaperone of the hsp70 family was initially described as the mammalian glucose-regulated protein grp78 (Munro & Pelham, 1986) . The grp78 gene is induced after the accumulation of denatured and misfolded proteins inside the ER (Rose et al., 1989) . The presumed role of grp78 is to help transport, fold and assemble newly synthesized proteins in the ER (reviewed by Becker & Craig, 1994) . At the protein level, similar stage-specific changes in the amounts of hsps, particularly of the major constitutive hsp70, was detected (Fracella et al., 1997) . The biological significance of the high expression of grp78 and of the constitutive hsc70 during conidiation may be related to new protein synthesis and assembly needed in the aerial hyphae and especially in the developing conidia. In addition, hsps may protect proteins during conidial dormancy. The induction of late conidiation-specific genes may, therefore, occur concomitantly with the increased expression of chaperone genes such as grp78. cerevisiae. An upstream-responsive element (UPRE) in the grp78 promoter is able to bind an upstream-responsive factor (UPRF), which is found in unstressed yeast cells (Mori et al., 1992) and is able to induce grp78. No consensus elements conferring developmental regulation have been found in the promoter of grp78 genes in lower eukaryotes so far.
The lower expression of both inducible and constitutive stress genes in the differentiation mutant acon-2 may be related to an insufficiency of con-2 gene expression : higher con-2 expression in 6dA is accompanied by an earlier and more productive conidiation as well as by higher grp78 and hsp70 expression. Possibly, acon-2 fails to produce sufficient amounts of this protein, causing a delay or a complete block of the differentiation process at this stage. This developmental retardation might also delay the activation of constitutive or induced grplhsp expression.
An alternative explanation for the activation of grp78 in aerial hyphae implicates the activity of external inducing factors. After aerial hyphae have been formed above the substrate they encounter higher oxygen concentrations. During aerial hyphae development, increased catabolism of proteins may occur due to protein oxidation and loss of reducing NADPH (Hansberg et al., 1992) . Hansberg et al. (1992) propose that a hyperoxidant state triggers the start of developmental processes. This explanation seems to be compatible with the observed increase of grp78 mRNA in late surface mycelium.
Another possibility to explain the accumulation of grp78 mRNA in aerial hyphae is to assume a limited avail-ability of carbohydrates, since aerial hyphae are not immersed in nutrients as the vegetative hyphae are. Carbohydrate starvation may then lead to underglycosylation of newly synthesized proteins in the ER, which is known to induce ER-specific chaperone genes. The observation, however, that acon-2 showed no increase in grp78 mRNA in late aerial hyphae in spite of the same age and the same exposure to oxygen and starvation stands against these assumptions. The parallel increase of grp78 and hsp7O mRNA in surface mycelium and aerial hyphae may be due to the existence of cellular continuity between these two types of hyphae. The high expression of the inducible stress gene (hsp70) in late aerial hyphae after heat shock may result from phosphorylation changes of the heat-shock transcription factor (hsf) (Morimoto et al., 1994; Fernandes et al., 1994) or from lower amounts of free hsp70, because the available hsp70 binds to newly synthesized and stored cytosolic proteins. The lower availability of hsp7O might enhance the response to heat shock, since free hsp70 is assumed to inhibit the heat-shock factor (Mosser et al., 1993) . Alternatively, the increase in the amounts of grp78 and the inducible hsp70 mRNA may result from a slower degradation rate of these mRNAs at this stage.
